The ctxAB operon, encoding cholera toxin (CT) in Vibrio cholerae, is carried by the genome of a filamentous phage, CTXW. Usually, specific CTXW infect each of the two important biotypes, classical and El Tor, of epidemic V. cholerae strains belonging to serogroup O1, and are called CTX class W and CTX ET W, respectively. However, an unusual hybrid El Tor strain carrying CTX class W caused the cholera epidemic in Mozambique in 2004. To understand the evolution of that strain, we have further analysed some representative hybrid El Tor strains isolated in Kolkata, India, in 1992, and the results indicate that both the Mozambique and the Indian strains are infected with a unique CTX class W having only four copies of the tandem heptamer repeat sequence 59-TTTTGAT-39 present in the ctxAB promoter (P ctxAB ) region, like in CTX ET W. Usually, the P ctxAB of the classical biotype contains seven to eight copies of such sequences. However, sequence analyses of the P ctxAB regions of several classical strains indicated that the copy number of heptamer repeat sequences might vary from four to eight copies, which was previously unknown. Since the hybrid strains analysed in this study carry four copies of the heptamer sequences, it may thus serve as a marker to trace the strain in future. Interestingly, while the Mozambique strain is devoid of an El Tor-specific free RS1 element or pre-CTX prophage, the Indian hybrid strains carry such elements. The free RS1 has been mapped, cloned and sequenced. As in pre-CTX and CTX prophages, multiple copies of free RS1 elements were found to be integrated in tandem in the large chromosomal dif site. Since Indian hybrid El Tor strains carry either free RS1 or pre-CTX prophage in their large chromosomes, it is possible that the Mozambique hybrid El Tor strain has evolved from these progenitor strains by step-wise deletion of CTX genetic elements from their large chromosomes.
INTRODUCTION
Cholera is an acute diarrhoeal disease caused by the Gramnegative bacterium Vibrio cholerae. V. cholerae strains belonging to serogroups O1 and O139 are responsible for the disease and they are distinguished from other serogroups by their capacity to produce cholera toxin (CT), which is the principal virulence factor responsible for profuse watery diarrhoea (Kaper et al., 1995) . V. cholerae O1 strains are divided into two important biotypes, classical and El Tor. The classical biotype was responsible for cholera pandemics until 1961. After that, the El Tor biotype evolved as a seventh pandemic strain, which is still continuing. V. cholerae O139 is a recently evolved strain, and several lines of evidence indicate that it is genetically closely related to the El Tor biotype (Sack et al., 2004) .
The ctxAB operon, encoding CT in V. cholerae, is carried by a filamentous lysogenic bacteriophage, called CTXW (Waldor & Mekalanos, 1996) . CTXW specifically integrates in the dimer resolution site dif present in both chromosomes of V. cholerae (Huber & Waldor, 2002; Val et al., 2005) . The genome of CTXW comprises RS2 (2.4 kb) and a core region (4.5 kb). The RS2 element contains three genes, 59-rstR-rstA-rstB-39, while the core region harbours several genes, including the ctxAB operon (Waldor & Mekalanos, 1996; Waldor et al., 1997) . Interestingly, several distinct CTXW genomes have been described, namely CTX ET W, CTX class W and CTX calc W (Davis et al., 1999) . The bestcharacterized classical and El Tor variants of CTXW carry distinct rstR and ctxB alleles, rstR class ctxB class and rstR ET ctxB ET , respectively (Davis et al., 1999; Olsvik et al., 1993) . Only V. cholerae O1 El Tor and O139 strains carry an RS2like element, called RS1, which usually flanks the 59 and/or 39 region of the integrated CTX prophage . It has been reported that RS1 may integrate as a 'free' genetic element in El Tor strains (Sharma et al., 1997) . Along with rstRAB genes, the RS1 element carries the unique rstC gene, which encodes the CTX phage antirepressor protein RstC (Davis et al., 2002) . No information is currently available about the chromosomal location of free RS1, its copy number or arrangement in V. cholerae. Although the RS1 element has been demonstrated to be a satellite phage (Faruque et al., 2002) , the exact role of CTX prophage-associated RS1 or free RS1 in the phage biology or virulence of V. cholerae is unknown.
Since V. cholerae possesses two circular chromosomes (Heidelberg et al., 2000; Trucksis et al., 1998) , one large (~3.0 Mb) and one small (~1.0 Mb), CTXW can integrate in either or both of the chromosomes (Heidelberg et al., 2000; Nandi et al., 2003; Trucksis et al., 1998) . In El Tor/ O139 genomes, the CTX prophage may be present either as a single copy or as multiple copies arranged in tandem (Bhadra et al., 1995; Mekalanos, 1983; Nandi et al., 2003) . In sharp contrast, in the classical biotype, the prophage is usually present in two copies, one copy in each chromosome (Trucksis et al., 1998) . However, one of these copies carries a truncated CTX prophage . Whole-genome sequencing of the El Tor strain N16961 has revealed the integration of only one copy of the CTX prophage flanked by the RS1 element in its large chromosome (Heidelberg et al., 2000) . We previously reported the presence of tandem copies of the CTX prophage in the small chromosome of the pre-O139 El Tor strain (Nandi et al., 2003) . Recently, it has been shown that the Mozambique epidemic El Tor strain isolated in 2004 also carries tandemly arranged multiple copies of the CTX prophage in its small chromosome (Das et al., 2007; Faruque et al., 2007) . Although Mozambique isolates were genotypically and phenotypically El Tor; nevertheless, the strains harboured classical CTX prophage (Lee et al., 2006) , indicating that they are hybrid in nature. Interestingly, our laboratory has shown that El Tor strains isolated in Kolkata, India, in 1992 also carried tandem copies of classical CTX prophage in their small chromosomes (Das et al., 2007) . Since the sixth pandemic strains of classical biotype are believed to be extinct (Nair et al., 2002) , the evolution of the classical phage genomes in Mozambique or Kolkata El Tor isolates remains unknown.
In this study we have shown that although the hybrid El Tor strains isolated in Mozambique and Kolkata, India, do carry a classical-type CTX prophage, genetically it is different from the well-studied CTX class W genome. It has been reported earlier that the ctxAB promoter (P ctxAB ) of the classical strain contains seven to eight copies of a tandemly arranged heptamer repeat sequence, 59-TTTTGAT-39, but in the El Tor biotype, only three to four copies of such repeat sequences are present. This distinctive difference between the two biotypes is believed to be the critical determinant of CT production; classical being a stronger producer of toxin than El Tor due to differences in the regulation of expression. It was found that the P ctxAB of classical prophages present in the Mozambique/Kolkata hybrid strains contains only four copies of the 59-TTTTGAT-39 tandem repeats usually found in El Tor strains. Interestingly, sequencing of previously uncharacterized P ctxAB regions of several classical strains revealed that the heptamer repeat copy number does vary in this biotype. Furthermore, unlike the Mozambique hybrid strain, the Kolkata strains carry an intact toxin-linked cryptic (TLC) element along with either pre-CTX prophage (CTX prophage with naturally deleted ctxAB genes; Boyd et al., 2000) or free RS1 elements arranged in tandem in the dif sites of their large chromosomes. The entire free RS1 region of a Kolkata hybrid strain was sequenced, and this indicated the presence of the rstR ET allele as well as the rstC gene.
Altogether, it appears that diverse CTXW along with free RS1 may play a critical role in the microevolution of V. cholerae, leading to the genesis of distinct genetic variants, which in turn helps the pathogen to evolve further and maintain its pathogenic and epidemic potential in endemic zones. This type of genetic rearrangement leading to the evolution of novel strains may thus hamper the development of immunoprophylactic measures against pathogenic V. cholerae.
METHODS

Bacterial strains, oligonucleotides and growth conditions.
Bacterial strains and plasmids used in this study are listed in Table 1 . Details of oligonucleotides used for various purposes are given in Table 2 . Both Escherichia coli (DH5a strain) and V. cholerae cells were routinely grown in Luria broth (LB) at 37 uC with shaking as described previously (Das et al., 2007) . Antibiotics were used at the following concentrations unless otherwise indicated: ampicillin, 100 mg ml 21 ; streptomycin, 100 mg ml 21 ; kanamycin, 50 mg ml 21 . Bacterial cells were maintained at -70 uC in LB containing 20 % (v/v) glycerol as described previously (Nandi et al., 2003) .
GM 1 -ELISA of CT. For detection of CT production by V. cholerae strains, cells were grown in two different conditions: (i) in LB medium with 66 mM NaCl at 30 uC with shaking ( Mekalanos, 1988) ; and (ii) in AKI medium (Iwanaga et al., 1986; Waldor & Mekalanos, 1994) . CT present in each culture supernatant was assayed by GM 1 -ELISA (Nandi et al., 2003) using pure CT (Sigma-Aldrich) and PBS (10 mM, pH 7.2) as positive and negative controls, respectively.
PCR and other molecular biological techniques. Standard molecular biological methods (Sambrook et al., 1989) were followed for chromosomal and plasmid DNA preparations, electroelution of DNA fragments, restriction enzyme digestion, DNA ligation, bacterial transformation and agarose gel electrophoresis, unless stated otherwise. All restriction enzymes and nucleic acid-modifying enzymes were purchased from New England Biolabs (NEB), and were used essentially as directed by the manufacturer. Primers used in this study were either reported earlier or were designed using the whole-genome sequence information for V. cholerae strain N16961 (Heidelberg et al. 2000) . PCR assays were carried out essentially as described previously (Maiti et al., 2006) .
Cloning and DNA sequencing. For cloning of the free RS1 element present in the genome of V. cholerae strain VC44 (Table 1) , the desired large chromosomal region of about 6.0 kb in size was PCR- amplified using the primers ChrIdF/ChrIdR (Table 2) and cloned in the vector pDrive (Amp r Kan r ; Qiagen), generating the recombinant plasmid pKH8G. Since two copies of RS1 sequences were tandemly arranged in the recombinant pKH8G, we faced difficulties in direct automated sequencing of the insert of the clone by primer walking, and the primer sequences used for this purpose are given in Table 2 . Therefore, we took the step-wise sequencing of the entire 6.0 kb insert DNA in the following manner. There is a conserved BglII site in the rstR gene of RS1 (Bhadra et al., 1995; Pearson et al., 1993) . Since RS1 is 2.7 kb in size, the 6.0 kb insert of pKH8G should carry two copies of the element in tandem. Therefore, digestion of pKH8G with BglII should definitely generate a 2.7 kb fragment (since there is no BglII site in the vector pDrive) carrying the entire RS1 element except truncated rstR genes from each RS1 copy flanking both the ends of the fragment. This 2.7 kb BglII fragment was gel-purified and used as a template for sequencing using the following primers: Ig1F, Ig1R, RstAR, RSR, RstBF, RstR ET F, RstCF, RstBR, RstAF2, XBS1F and RstAF1 (Table 2) . BglII-digested pKH8G liner plasmid DNA was also gel-purified and religated, followed by transformation to obtain the clone pKH9A. Sequencing of the insert DNA present in plasmid pKH9A was done by using the universal M13 forward and reverse primers (NEB) and other primers ( Table 2 ). The P ctxAB regions of different V. cholerae strains were PCR-amplified by using the primers ZtPF/CtPR (Table 2 ). In each case the desired~0.6 kb PCR fragment was amplified and gel-purified, followed by sequencing of both the strands using the same pair of primers, ZtPF/CtPR, that were used for PCR amplification of the fragment. Sequencing reactions were performed using the BigDye Terminator v3.1 cycle sequencing kit (Applied Biosystems) essentially as recommended by the manufacturer. The samples were run on an automated DNA sequencer (Genetic Analyzer 3130, Applied Biosystems). In each case, complete sequencing of both strands was done, and to avoid errors in sequencing, each sample was sequenced at least twice. 
RESULTS AND DISCUSSION
Free RS1 and pre-CTX prophage in the large chromosomes of El Tor hybrid strains Faruque et al. (2007) recently reported that the large chromosomal CTX phage integration site is 'empty' in the Mozambique hybrid El Tor strain B33. They have shown that the TLC element (Rubin et al., 1998) , which is usually present in two copies in tandem just upstream of integrated CTX prophage, is also deleted in B33. Das et al. (2007) have reported that the El Tor strains which were isolated in Kolkata, India, considerably before the emergence of the Mozambique strain, are also hybrid in nature, and like the Mozambique strain carry tandem copies of the classical CTX prophage in their small chromosomes. Since the status of the large chromosomal CTX phage integration site (dif site) of Indian hybrid strains is not known, we wished to check the locus using V. cholerae strains B33, N16961, O395 and VCE232 (Table 1) as controls. When the TLC-specific primers TlcF/TlcR (Table 2) were used, unlike Mozambique strain B33, both VC44 and VC106 Kolkata isolates (Table 1) gave the desired 2.0 kb PCR fragment, suggesting that they carry a TLC element (data not shown; Fig. 1 ). Similar PCR analysis using the primers ChrIdF (just upstream of the large chromosomal CTX integration site) and RSR (rstC gene) ( Fig. 1 the expected amplicon of~3.0 kb ( Supplementary  Fig. S1a ), which confirmed that unlike those of B33, the large chromosomal dif sites of the Indian hybrid strains were not empty. Rather, they are occupied by at least one RS1 element, the characteristic feature of V. cholerae O1 El Tor strains Pearson et al., 1993) , and thus the strains are indeed hybrid in nature in this respect, since their small chromosomal dif sites are occupied by a classical type CTX prophage without an RS1 element (Das et al., 2007; Faruque et al., 2007) . It is to be noted that Sharma et al. (1997) reported that V. cholerae O1 El Tor strains may carry free RS1, although its location is unknown. This result prompted us to map the large chromosomal dif sites of VC44 and VC106 in more detail, and for this, extensive PCR analysis (Maiti et al., 2006) was done using various combinations of primers ( Fig. 1 ; Table  2 ). The PCR results (see Supplementary Fig. S1 ) allowed us to conclude that while VC44 carries two free RS1 in tandem in the large chromosomal dif site, strain VC106 in the same locus contains two copies of RS1 followed by two copies of pre-CTX prophage in tandem (Fig. 1) . It is to be noted that like VC44 and B33, strain VC106 also carries two tandem copies of the classical CTX prophage in its small chromosome ( Supplementary Fig. S1 ; Das et al., 2007) . Thus, comparing all the PCR-based genetic mapping data it seems that hybrid El Tor strains are genotypically different in the large chromosomal CTX genetic element present in the dif loci, as shown in Fig. 1 . Regarding the step-wise evolution of these hybrid strains, it is plausible that an early progenitor strain carried tandemly arranged multiple copies of the CTX prophage in each of the two chromosomes, after which the ctxAB operon was most likely deleted from the large chromosome creating a VC106-like strain (TLC + RS1 + pre-CTX prophage + ). Further deletion of pre-CTX prophages from this strain helped in the evolution of a VC44-like strain (TLC + RS1 + ), which in turn served as a precursor for a B33-like strain with deletion of TLC and RS1 elements from the large chromosome. This conclusion may be further supported by various earlier studies in which it has clearly been indicated that except for the TLC element, all other CTX genetic elements are mobile in nature Faruque et al., 1998 , Udden et al., 2008 Waldor & Mekalanos, 1996) . The genesis of the VC44/ VC106-like strain differs from the model proposed by Faruque et al. (2007) regarding the evolution of the hybrid strain B33. According to those authors a large deletion of the CTX prophage including the TLC element from the dif site of a precursor V. cholerae strain made the locus defective for further integration of a CTX class W and allowed the phage to integrate in the small chromosomal empty site, leading to the evolution of the Mozambique strain; however, this study indicates that the small chromosomal dif site was already occupied by the classical CTX prophage in hybrid strains.
Genetic localization of free RS1 in the genome of VC44 prompted us to further investigate its organization; therefore, we amplified the region (~6.0 kb) with the primers ChrIdF and CIR (Table 2) , followed by cloning and generation of the recombinant plasmid pKH8G. Sequencing of both the strands of the insert DNA of pKH8G was done as described in Methods, and the sequence was submitted to GenBank (accession number EU860439). The nucleotide sequence of the tandem RS1 elements allowed us to interpret the upstream and downstream as well as RS1-RS1 junctions, as shown in Fig. 2 . While there is no 18-base end-repeat sequence in the upstream junction, both RS1-RS1 and the downstream junctions showed the presence of one copy of such a repeat sequence, as shown in Fig. 2 . To our knowledge, this is the first report in which the free RS1 element has been localized and its genetic organization, when present in multiple copies in tandem in the chromosome of V. cholerae, determined. It has been reported that the RS1 element can propagate horizontally as a filamentous phage, like CTXW, exploiting the morphogenesis genes of CTXW, and RS1 satellite phages may be produced in V. cholerae (Faruque et al., 2002) . Since dif-like sequences are present in the intergenic regions of the RS1 element, it is possible that upon entry of an RS1 satellite phage into V. cholerae cells, it can integrate into the host chromosomal dif site by homologous recombination, as proposed by Val et al. (2005) . Fig. 2 . Schematic representation (not drawn to scale) of tandemly arranged free RS1 in the large chromosomal dif site of VC44. attL and attR represent 59 and 39 junctions, respectively. Nucleotides in bold and italic type indicate chromosomal and RS1-derived sequences, respectively. The XerC and XerD binding sites along with the attL and attR sequences are also shown (see text for details). Only attR and not attL contains a functional dif site with a 6 bp spacer present between the XerC and XerD binding sequences. The triangle depicts the 18 bp end repeat (ER) sequence (59-CCTTAGTGCGTATTATGT-39) and an almost similar sequence is also present in the 59 region of the attR sequence marked as ER. The entire sequence of the region is available in GenBank under accession number EU860439.
Evolution of V. cholerae El Tor hybrid strains
The promoter sequence of the ctxAB class operon of hybrid strains
Since CT is the most critical virulence factor of V. cholerae and the regulation of its expression is the subject of extensive research, we wished to analyse the P ctxAB of the operon encoding this toxin. Several earlier studies have shown that among various genetic differences between the classical and El Tor biotypes, the difference in nucleotide sequence of P ctxAB is distinctive. While in classical strains there are seven to eight copies of a heptamer (59-TTTTGAT-39) direct repeat sequence present in tandem, in the El Tor biotype the same region usually contains three to four copies of this sequence. Experimental evidence indicates that the heptamer copy number in P ctxAB is critical for expression of CT Hung & Mekalanos, 2005) . The presence of more copies of the heptamer sequence in classical strains leads to CT production in large quantities, as shown elsewhere Hung & Mekalanos, 2005; Miller and Mekalanos, 1984) . Furthermore, Hung & Mekalanos (2005) constructed an El Tor strain in which the P ctxAB sequence carrying four copies of heptad repeats was replaced by the P ctxAB of the classical strain 569B containing eight copies of the repeat sequences, and they found high expression of CT by the recombinant El Tor strain in LB medium at 37 u C in the presence of sodium cholate, which is a non-permissive condition for the El Tor biotype, and according to the authors this correlated with their earlier finding that the difference in copy number of the heptad repeats in the classical strains leads them to be higher producers of CT than the El Tor biotype. It may be argued that since the Mozambique and Indian hybrid El Tor strains carry CTX class prophage (Faruque et al., 2007; Das et al., 2007) , their P ctxAB should contain seven to eight copies of heptamer repeats, at least according to earlier reports. To examine this, 600 bp DNA fragments containing the entire P ctxAB regions of several hybrid El Tor strains of Indian as well as Mozambique origin along with control strains (O395, 569B and N16961; Table 1 ) were PCR-amplified using zot gene (the gene preceding the ctxAB operon)-specific forward and ctxA gene-specific reverse primers, ZtPF and CtPR (Table 2) , respectively, followed by direct sequencing of both strands of the amplified products. Analysis of these sequences revealed interesting results: the hybrid strains irrespective of their source of isolation showed only four copies of heptamer repeat sequences in the P ctxAB regions, indicating that the CT regulatory regions of these unusual strains are like those of canonical El Tor strains and not similar to those of classical strains, which usually carry seven to eight such repeats. This result prompted us to compare the nucleotide sequences of the P ctxAB regions of several authentic classical strains so far used in various studies (Table 1) . In contrast to our previous belief, it was found that seven to eight copies of heptamer repeats are not the signature sequence of the P ctxAB of classical biotype strains, and it may in fact vary from four to eight copies. The features of the P ctxAB regions of various V. cholerae strains examined in this study, including the control strains, are schematically shown in Fig. 3 . It is noteworthy that apart The classical strains (569B, O395, V154, H218, NIH35A3 and GP8) carry higher number of repeats, except for strain NIH41, which carries only four such repeats, like the El Tor strains and the hybrid strains B33, VC44 and VC106. Other characteristics of the P ctxAB region are also shown, such as the "35 region, the "10 region, the transcription start site (+1) and the initiation codon ATG. The solitary heptamer repeat is present just upstream of the -10 region. The P ctxAB sequences of the classical strains 569B and O395 were known previously, and their accession numbers are X58785 and CP000627, respectively. The sequences of the P ctxAB regions of the classical strains V154, NIH41, GP8, NIH35A3 and H218 were determined in this study and their nucleotide accession numbers are FJ641042, FJ641045, FJ641046, FJ641047 and FJ641048, respectively. Since the nucleotide sequence (accession number FJ641043) of the P ctxAB region of B33 is identical to those of VC44 (accession number FJ641044), VC106 (FJ660421) and N16961 (Heidelberg et al., 2000) , the latter strains are not shown.
from the tandem arrangement of multiple copies of the heptamer repeats, there is a solitary 59-TTTTGAT-39 repeat present in between the 235 and 210 regions, irrespective of the strain analysed (Fig. 3) . Currently no information is available about the role of this solitary heptad in ctxAB operon expression; however, since this repeat is absolutely conserved it appears to be crucial in the expression of CT in V. cholerae.
Condition for CT production by hybrid El Tor strains
To see whether changes in the location and variation in the copy number of the CTX class prophage, or the presence of a pre-CTX or RS1 element in the genome of hybrid El Tor strains have any effect on CT production, we used two different culture conditions (see Methods): LB medium at pH 6.5 and incubation of the culture at 30 u C with shaking (a CT-producing condition for classical strains); and the AKI condition, where the bacterial culture is initially grown statically followed by shaking at 37 u C (a CT-producing condition for El Tor strains). When these experiments were done, as expected, the hybrid El Tor strains produced a large amount of CT (1.96-2.6 mg ml 21 ) under the AKI condition (Fig. 4a) , whereas in LB medium CT production was very poor (Fig. 4b) . However, among the hybrid El Tor strains tested, VC106 seemed to be a strong CT producer (Fig. 4a) , and even in LB medium, a non-permissive condition, the strain produced a substantial amount of CT (Fig. 4b) . This result is consistent with earlier reports (Iwanaga et al., 1986; Waldor & Mekalanos, 1994) . Although the hybrid strains carry a classical CTX prophage, it seems that regulation of CT production under in vitro conditions is highly similar to that of the 'pure' El Tor biotype.
Conclusion
Analysis of representative hybrid El Tor strains isolated in Kolkata, India, in 1992 suggested that the evolved strains were unique, since both of their chromosomes are occupied by CTX genetic elements. Since the Mozambique hybrid strain evolved in 2004, and the Kolkata hybrid strains were isolates of 1992, the latter strains may thus be the progenitors of the former strain.
Recently Chatterjee et al. (2009) have also provided evidence in favour of this conclusion by using ribotyping and other molecular methods. The small chromosomal arrangement of the classical CTX prophage is identical in the Mozambique and Kolkata hybrid El Tor strains (Faruque et al., 2007; Das et al., 2007) , which also supports their ancestry. While the large chromosomal CTX genetic element of the Mozambique strain is deleted, the Kolkata hybrid strains carry either a pre-CTX prophage or a free RS1 element in the same location, and thus step-wise deletion of the pre-CTX prophage and free RS1 along with the tlc element probably helped in the genesis of the Mozambique strain. The presence of four heptamer repeats in the P ctxAB of classical CTX prophages, carried by the hybrid El Tor strains, indicates that a single and novel type of classical CTXW infection had occurred in these strains.
Previously it was not known that like that of El Tor, the P ctxAB region of classical strains may carry a low copy number of heptad repeats, which is critical for CT gene expression. However, the natural selection of this type of virulence gene regulatory element, its implications in clinical manifestations, and the epidemiology of cholera certainly demand further investigation. Fig. 4 . CT production by hybrid El Tor strains. V. cholerae cells were grown either in (a) AKI condition or in (b) LB medium containing 66 mM NaCl at pH 6.5 and 30 6C, as indicated. The hybrid strains VC44, VC106 and B33 produced maximum CT under the AKI condition only. However, VC106 also produced a substantial amount of CT in LB medium. The N16961 (El Tor) and O395 (classical) strains were used as controls for AKI and LB culture conditions. The results are the mean of at least three independent experiments.
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